A computerized linked-atom modeling system was developed to examine the stereochemical requirements for intercalation of planar drugs into DNA. All classes of conformational possibilities for extending the polynucleotide backbone were examined for their ability to accommodate insertion of a drug into a base-paired region of DNA compatible with adjacent regions of B-DNA while stacking interactions, steric strain and non-bonded interatomic contacts were optimised. One conformation was found which proved superior to all others in ability to satisfy these criteria: an extension of the backbone by characteristic changes in two torsion angles to trans values, plus a change in one sugar puckering to CZ'-endo to relieve strain in an adjacent residue. The turn angle distributed over three polynucleotide residues for this most general mode of intercalation is 90°, equivalent to a helical unwinding of -18° for B-DNA.
INTRODUCTION
The mode of binding to polynucleotides by a variety of drugs and dyes containing fused aromatic rings has long been envisaged as intercalation: insertion of the drug chromophore between adjacent base pairs of a double helix, accommodated by an unwinding and extension of the polynucleotide in the vicinity of the intercalation site. Such an interaction was first proposed on the basis of X-ray diffraction, flow birefringence and low-angle X-ray scattering of proflavine-DNA complexes.
X-ray diffraction from DNA-ethidium bromide complexes yielded a similar conclusion: Table 1 lists the constraints applied in our modeling.
In both cases described above, the chromophore is treated as a rigid body, located centrally between base pairs N and N+l (i.e. z=Nfc) and positioned so that a normal to its planar surface makes an angle Y with the helix axis. In the symmetric case the three Eulerian angles positioning the chromophore are fixed so that the diad of the chromophore corresponds to the central diad of the model system and its variable orienting angle is constrained to be T/2 so the only variable associated with the chromophore is its radius. For asymmetric chromophores, the Eulerian angles are allowed to vary and no constraint is placed on the orienting angle about the helix axis, but the plane of the chromophore is still constrained to intersect the helix axis at z*Nh and to maintain the characteristic value for y. In both cases the added variables In addition to requiring that the variables are compatible with the exact constraints discussed above, we also minimise the steric compression of the system, defining optimum values of the variables as those which minimise Eq. 1.
The first summation contains the Lagrange multipliers X^ and the constraint expressions G, that we wish to be zero, and the second summation represents all variable non-bonded interatomic distances d. less than a specified minimum Q d•. This approach to minimising non-bonded interactions was developed to determine packing of rigid molecules in a crystal and has been adapted to the production of acceptable conformations of flexible polymer chains.
In the second summation,
The values of the constants k. and d. were derived for each type of interatomic interaction from Buckingham energy functions of the form Table 2 .
We find that inclusion of hydrogen atoms in the structures and searching for short non-bonded contacts involving them does not significantly alter the optimum conformation for well-constrained models, but greatly slows convergence for models during Table 2 .
Our computer program is also capable of simulating the attractive stacking forces between aromatic chromophores and the neighboring bases. In this case when the distance d. between two atoms in adjacent aromatic systems falls between specified limits .d. and gd-, with yd-the "ideal" contact distance and jk• the corresponding weight, the expression for e-in Eq. 2 becomes Table 3 .
The shortest nonbonded interatomic contact in this model is 2.78A. The turn angle T of 90° for the three residues involved in accommodating intercalation represents the least strained (energetically most favorable) conformation. We know, however, that there is some flexibility inherent in nucleotide residues and therefore tested the range of turn angles available to the optimum intercalation conformation by explicitly fixing T at certain values and examining the strain entailed in the refined models.
The strain in a conformation is defined as F^, the root mean square difference in torsion angle values from their appropriate standards. Fig-5 shows the values of T~ for a variety of intercalation models. We use the criterion that a value for T^ exceeding 1.65 standard deviations represents an overly strained conformation; this value is determined empirically from the average Ef or various polynucleotide structures compared to the polymer average conformation angles of ref. 11 . By this criterion we note that turn angles from 84° to 95° over three residues can be accommodated without undue strain by the conformation we describe (see Fig. 5 ) . Also we see that the intercalation model involving trans values of £ and y but with all sugars puckered C3'-exo is considerably strained in the model case N=2, but in the case N=3 the necessary unwinding can be absorbed without undue strain. By contrast, we note that the proposed model for actinomycin angles and that such regions may be particularly applicable in the case of the drug ethidium, which has been shown to bind preferentially to alternating sequences. Thus we consider the turn angle over the several nucleotides of the intercalation region to be a more meaningful quantity in these models than estimated unwinding angles. We also believe this study reveals a limit on the order of ±5° to the resolution attainable in physical studies of long molecules of undefined sequence and mixed conformation, due to their inherent flexibility. The careful fluorescence anisotropy decay studies of ethidium bound to defined sequences of q linear DNA in the B-conformation yield a value for the helical unwinding per intercalation nearly identical to that produced by the conformation we have described.
A characteristic feature of this model (and, i n fact, of all the plausible extended candidates) is that the torsion angle £ (C3-C4-C5-O4) falls in a range usually observed only in monomers and not in stacked helical polymers. Although it has been proposed that variations only in the phosphodiester torsion angles < f > and I J J need be considered for alternate bending conformations, it is apparent from this study that variations in Z, may also be required and even characteristic of some extended polynucleotide structures.
The high degree of stacking of the amino groups of proflavine in the intercalation site provides a rationale for the greater binding coefficients for proflavine to DNA than for the similar but unsubstituted acridines. In addition, fused four-ring DNAbinding drugs such as daunomycin, ellipticine, and possibly 2 8 even steffimycin B may also utilize a similar mechanism when binding to DNA.
